1. Introduction {#sec1}
===============

Child maltreatment increases the risk for psychiatric disorders throughout childhood and into adulthood [@ref1; @ref2]. Maltreatment encompasses a spectrum of abusive actions (sexual, physical, or emotional abuse) or lack of actions (physical or emotional neglect) by the parent or other caregivers. A psychiatric disorder associated with early life abuse and neglect is reactive attachment disorder (RAD), where the child displays wary, watchful, and emotionally withdrawn behaviours, according to the 5th edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5 [@ref3]). Because of emotional dampening, RAD closely resembles internalising disorders with depressive and anxiety symptoms. In populations of maltreated children in foster care, 19.4--40.0% had signs of RAD based on the DSM-IV criteria [@ref4; @ref5], in which RAD (the inhibited type of RAD) and disinhibited social engagement disorder (DSED; the disinhibited type of RAD) were not completely independent. Even in a general population, the prevalence of RAD based on the DSM-IV criteria has been reported in 1.4% of children and children with RAD are more likely to have multiple comorbidities with other disorders, such as attention deficit hyperactivity disorder (ADHD; 52%), post-traumatic stress disorder (PTSD; 19%), and autism spectrum disorder (ASD; 14%) [@ref6; @ref7]. Despite its high prevalence and clinical importance, there have been very few investigations into the possible neurobiological consequences of RAD.

Of the childhood psychiatric disorders, RAD, which is a negative outcome of child maltreatment, remains one of the least understood phenotype. While most previous studies into RAD have been conducted among Romanian orphans and are limited to children younger than 6 years (for reviews [@ref8; @ref9]), a few studies have recently demonstrated that RAD symptoms are reliably identifiable in children older than 6 years [@ref6; @ref10; @ref11; @ref12]. Historically, RAD (or attachment disorders) was initially defined as a psychiatric disorder in the DSM-III [@ref13] and associated with attachment insecurity as first proposed in Bowlby\'s attachment theory [@ref14; @ref15]. Now, it is doubted that RAD is closely associated with attachment insecurity in terms of classic attachment theory [@ref10]. Although RAD and DSED were defined as two subtypes (inhibited and disinhibited types) of the same disorder in the DSM-IV criteria, they are now divided into two distinct disorders based on the DSM-5 criteria. According to the DSM-5, children with RAD exhibit wary, watchful, and emotionally withdrawn behaviours, whereas children with DSED display clingy and indiscriminately friendly behaviours even in their interactions with unfamiliar adults. It may also co-occur with ASD, intellectual developmental disorder, or depressive disorders. Although the presence of ASD is considered an exclusionary condition for diagnosing RAD in the DSM-5, the clinical differential diagnosis is complicated by clinical correlates of RAD with 'quasi-autism' [@ref8]. To enhance further our understanding of RAD, it is of particular importance to investigate the nature of the neurobiological mechanisms underlying the behavioural problems of RAD.

Previous neuroimaging studies using structural magnetic resonance imaging (sMRI) techniques have revealed that exposure to early adversity is strongly associated with alterations in brain structure, such as in the grey matter (GM) and white matter (WM) (for reviews [@ref16; @ref17; @ref18; @ref19]). According to Teicher and Samson [@ref19], many of the identified neuroanatomical abnormalities are interconnected, and are components of a neurocircuit regulating the stress response to emotional stimuli that includes the thalamus [@ref20], visual or auditory sensory cortex [@ref21; @ref22; @ref23], medial prefrontal cortex [@ref24; @ref25; @ref26; @ref27], hippocampus [@ref28; @ref29; @ref30], and amygdala [@ref29; @ref31; @ref32; @ref33]. While the majority of sMRI studies predominantly focus on a priori hypothesised regions and thus provide a constrained characterisation of anatomy, studies into child maltreatment using an unbiased whole-brain analysis approach have been increasingly conducted and have reported similar results as shown in region-of-interest (ROI) studies [@ref16; @ref17]. As for other regions not commonly examined in ROI studies, structural abnormalities in the thalamus and sensory cortex have been revealed for the first time by using such an unbiased whole-brain analysis approach. This approach is helpful to understand the unknown neurobiological abnormalities in RAD associated with child maltreatment.

The aim of this study was to identify structural alterations in regional GM volume (GMV) in maltreated children with RAD using voxel-based morphometry (VBM) as an unbiased whole-brain analysis approach. We sought to assess further whether alterations in regional GMV correlated with psychiatric symptom measures. We hypothesised that RAD, as a negative outcome of child maltreatment, would be associated with alterations in the brain regions that are part of a neurocircuit regulating the stress response to emotional stimuli. Given the general pattern of findings in the related fields [@ref19], we predicted that subjects with RAD, compared to controls without RAD, would be associated with reduced GMV in the thalamus, visual occipital cortex, and prefrontal cortex, and with increased GMV in the auditory temporal cortex. There would not be differences in GMV in the amygdala and hippocampus, especially in the child samples.

2. Material and methods {#sec2}
=======================

2.1. Ethics statement {#sec2.1}
---------------------

The study protocol, approved by the Ethics Committees of the University of Fukui, Japan (Assurance no. FU23--43), was conducted in accordance with the Declaration of Helsinki and the Ethical Guidelines for Clinical Studies of the Ministry of Health, Labour and Welfare of Japan. All children and a parent or director of child welfare facilities gave written informed assent and consent for participation in this study. This study is registered with the University Hospital Medical Information Network (UMIN000014655).

2.2. Subjects {#sec2.2}
-------------

Twenty-one right-handed medication-naive 10- to 17-year-old Japanese children (mean age = 12.76 years) with a clinical diagnosis of RAD were recruited from the Department of Child and Adolescent Psychological Medicine at the University of Fukui Hospital from August 2013 to December 2014. The diagnosis of RAD was assessed by licensed child and adolescent psychiatrists (2nd, 6th, and 8th authors) according to the DSM-5 criteria [@ref3]. To exclude other psychiatric conditions (e.g. PTSD, anxiety disorder, and depression), subjects were administered the Mini-International Neuropsychiatric Interview for Children and Adolescents (MINI-KID [@ref34]) and an assessment module of DSM-IV ADHD taken from the Schedule of Affective Disorders and Schizophrenia for School-Age Children, Epidemiologic version (K-SADS-E [@ref35]) by two licensed paediatric-psychological clinicians (2nd and 3rd authors). All of the children had experienced physical, emotional abuse, and/or neglect early in life prior to coming into care. The children were living within a stable placement (in a child welfare facility) even though they were not living with biological parents (for information about child welfare services in Japan [@ref36]). The control subjects, which included 22 typically developing (TD) Japanese children (mean age = 12.95 years) with no history of maltreatment, were recruited from local schools, matched on age, gender, and handedness. All children had normal or corrected vision and normal hearing. There was no difference in the proportion of subjects with corrected vision (for myopia) between the TD (23%) and RAD (24%) groups.

Children were excluded if they had a full scale intelligence quotient (FSIQ) \<70 on the Wechsler Intelligence Scale for Children (WISC [@ref37; @ref38]) or the Wechsler Adult Intelligence Scale [@ref39], and left-handedness according to the Edinburgh Handedness Inventory [@ref40]. They were also excluded if they had any history of substance abuse, recent substance use, head trauma with loss of consciousness, significant foetal exposure to alcohol or drugs, perinatal or neonatal complications, neurological disorders, or medical conditions that might adversely affect growth and development.

2.3. Psychiatric symptom measures {#sec2.3}
---------------------------------

The Depression Self-Rating Scale for Children (DSRSC; [@ref41]), an 18-item self-report measure, was used to measure depressive symptoms. The Trauma Symptom Checklist for Children (TSCC; [@ref42]), a 54-item self-report measure, was used to evaluate post-traumatic symptoms and other relevant symptoms found in some traumatised children (anger, anxiety, depression, post-trauma stress, dissociation, and sexual concerns). Parents or caregivers in the facilities also completed the Strength and Difficulties Questionnaire (SDQ; [@ref43; @ref44]), a 25-item questionnaire, to assess children\'s internalising and externalising behaviour problems, as well as prosocial behaviour tendencies. The SDQ internalising behaviour problems are found to be associated with a measure of anxiety symptoms in a sample of children with anxiety disorder [@ref45], which resembles RAD due to emotional regulation impairments. A positive association between the SDQ and Relationship Problems Questionnaire (RPQ) scores has been previously reported [@ref12; @ref46]. The ADHD Rating Scale (ADHD-RS; [@ref47]), an 18-item questionnaire, was used to evaluate inattentive and hyperactive/impulsive symptoms. Symptoms of ADHD have been consistently associated with DSED, but not RAD [@ref8; @ref48]. The Autism Spectrum Quotient (AQ [@ref49]), a 50-item questionnaire, was completed by a parent or caregiver to evaluate ASD traits, such as social skills, attention switching, attention to detail, communication, and imagination. The presence of ASD is an exclusionary condition for the diagnosis of RAD [@ref3].

2.4. MRI acquisition {#sec2.4}
--------------------

All subjects were scanned on a 3-Tesla MR scanner (Discovery MR 750; General Electric Medical Systems, Milwaukee, WI, USA) with a 32-channel head coil. High-resolution structural whole-brain images were acquired by a 3D T1-weighted fast spoiled gradient recalled imaging sequence (repetition time (TR) =6.38 ms; echo time (TE) =1.99 ms; flip angle (FA) =11°; field of view (FOV) =256 mm; 256 × 256 matrix; 172 slices; voxel dimension = 1.0 × 1.0 × 1.0 mm).

2.5. Voxel-based morphometry {#sec2.5}
----------------------------

The VBM was performed using Statistical Parametric Mapping (SPM) version 12 software (Wellcome Department of Imaging Neuroscience, London, UK) implemented in MATLAB R2014a (MathWorks, Natick, MA, USA). As a fully automated whole-brain morphometric technique, VBM detects regional structural differences between groups on a voxel-by-voxel basis [@ref50]. The T1-weighted images were preprocessed using the VBM approach with modulation [@ref51], where the images were first segmented into GM, WM, cerebrospinal fluid, and skull/scalp compartments. The Diffeomorphic Anatomical Registration through an Exponentiated Lie algebra (DARTEL) algorithm was applied to the segmented brain tissues to generate a study-specific template and to achieve an accurate inter-subject registration with improved realignment of smaller inner structures. The segmented GM images were spatially normalised into Montréal Neurological Institute (MNI) space and were written out with an isotropic voxel resolution of 1.5 mm^3^. Any volume change induced by normalisation was adjusted via a modulation algorithm. The normalised modulated GM images were smoothed by a Gaussian kernel of 8 mm full width at half maximum (FWHM).

2.6. Statistical analysis {#sec2.6}
-------------------------

Regional differences in GM volume (GMV) between groups were analysed in SPM 12 using two-sample *t*-test models. Potential confounding effects of age, gender, FSIQ, and total brain volume (calculated as the sum of GMV and WM volume (WMV)) were modelled, and variances attributable to them were excluded from the analyses. A GM majority optimal threshold mask, based on a study-specific sample, was applied to the analyses to eliminate voxels of non-GM for the GMV-analyses [@ref52]. The resulting set of voxel values used for comparison generated a statistical parametric map of *t*-statistic, SPM{*t*}, that was transformed to a unit normal distribution (SPM{*Z*}). The statistical threshold was set at *p* \< 0.05 with correction for multiple comparisons at cluster level (height threshold of *Z* \> 3.09) because of the increased sensitivity of clusters to detect spatially extended signal changes [@ref53]. Potential problems relating to non-isotropic smoothness, which can invalidate cluster level comparisons, were corrected by adjusting cluster size from the resel per voxel image [@ref53]. The anatomical localisation of significant clusters was investigated with the Automated Anatomical Labeling (AAL) and Brodmann area (BA) atlases implemented in the MRIcron software package [@ref54].

Significant clinical differences between the TD and RAD groups complicated the exploration of post hoc functional correlates between the VBM-identified cluster in the statistical models (controlling for age, gender, FSIQ, and total brain volume) and psychiatric symptom measures. Hence, multiple regression analyses were carried out to further inspect which psychiatric symptom measures could significantly predict GMV in the identified cluster. To this end, the eigenvariates, representing linearly transformed estimates of GMV, were extracted from the identified cluster in the statistical models. In the multiple regression analyses, several psychiatric symptom measures showing significant between-group differences were treated as independent variables, and the GMV estimates in the relevant cluster for the entire sample and each group were treated as dependent variables. The multiple regression analyses were performed using the Statistical Package for the Social Sciences 22 software (SPSS, Chicago, IL, USA). Bonferroni adjustment for multiple regressions was applied when multiple regressions were made on the measures.

3. Results {#sec3}
==========

3.1. Demographic and questionnaire data {#sec3.1}
---------------------------------------

The results are listed in [Table 1](#t0005){ref-type="table"}. The two groups were matched in age, gender, and handedness. For between-group comparison of FSIQ and psychiatric symptom measures, we used analysis of covariance (ANCOVA) with age and gender as covariates. In comparison with the TD group, the RAD group showed lower FSIQ (*F*\[1, 39\] = 8.78, *p* \< .01) and higher levels of psychiatric symptom measures: depressive symptoms (DSRSC; *F*\[1, 38\] = 9.86, *p* \< .01); post-traumatic symptoms, and other relevant symptoms (TSCC), such as anxiety (*F*\[1, 39\] = 6.14, *p* \< .05); depression (*F*\[1, 39\] = 8.80, *p* \< .01); anger (*F*\[1, 39\] = 8.93, *p* \< .01); post-trauma stress (*F*\[1, 39\] = 10.53, *p* \< .01); and dissociation (*F*\[1, 39\] = 11.34, *p* \< .01). As for the parent- or caregiver-rating questionnaire for psychiatric symptoms, similar differences (TD \< RAD) were found in measures of SDQ internalising (*F*\[1, 39\] = 15.72, *p* \< .001) and externalising problems (*F*\[1, 39\] = 12.13, *p* \< .01), ADHD symptoms (ADHD-RS total, *F*\[1, 38\] = 10.86, *p* \< .01; inattentive, *F*\[1, 38\] = 12.64, *p* \< .01; hyperactive/impulsive, *F*\[1, 38\] = 4.83, *p* \< .05), and ASD traits (AQ total, *F*\[1, 37\] = 7.28, *p* \< .05; attention switching, *F*\[1, 37\] = 15.61, *p* \< .001; communication, *F*\[1, 37\] = 9.98, *p* \< .01). No subject met the criteria for bipolar disorder, ADHD, or ASD as all of the scores were under the threshold for the clinical criteria.

3.2. Structural MRI data {#sec3.2}
------------------------

We estimated absolute global volumes, that is, GMV (789.06 ± 73.19 ml and 749.88 ± 58.97 ml), WMV (396.21 ± 48.93 ml and 378.13 ± 31.43 ml), and total brain volume (1185.28 ± 113.40 ml and 1128.01 ± 85.29 ml) in the TD and RAD groups, respectively. No differences between the two groups were found for each global volume.

A whole-brain analysis with FWE correction at cluster level was conducted to examine regional differences in GMV between the two groups. The RAD group, in comparison with the TD group, showed reduced GMV in the left primary visual cortex (BA17; MNI coordinates, *x* = −20, *y* = −74, *z* = 8; cluster size = 644 voxels, *p* = .038, FWE-corrected cluster level; [Fig. 1](#f0005){ref-type="fig"}). A 20.6% average reduction of GMV was found in the identified regions of the RAD group compared with the TD group. To confirm the trend of the occipital GMV reduction further, we used a lower criterion for statistical significance (marginal significance level). The left inferior occipito-temporal cortex (i.e. fusiform gyrus; BA19/37; MNI coordinates, *x* = −30, *y* = −47, *z* = −11; cluster size = 310 voxels) exhibited a marginally significant decrease in GMV in the RAD group relative to the TD group (*p* = .072, FWE-corrected cluster-level). Overall, reduced GMV in the RAD group was shown in the left side of the occipital (visual) cortex extending anteriorly toward the inferior occipito-temporal cortex.

We then performed multiple regression analyses to further characterise the relationship between psychiatric symptom measures and GMV in the left visual cortex identified by the whole-brain analysis. The GM eigenvariates (i.e. linearly transformed estimates of GMV) from the identified cluster were extracted and used for regression analyses. As indicated in [Table 2](#t0010){ref-type="table"}, the analysis showed that the psychiatric symptom measures for SDQ internalising problems (β = −0.96, *t* = −3.86, *p* \< .05) were a significant predictor for the left visual cortex GMV estimates in the RAD group, which explained approximately 55% of the variance of the GMV (adjusted *R*^2^ = .55, *F*\[10, 8\] = 3.16, *p* \< .10). Except for the SDQ internalising problems, there were no significant predictors for the visual cortex GMV estimates. Such a relationship between the measures and the GMV estimates was not seen in the entire sample or the TD group.

Furthermore, additional correlation analyses were conducted to examine whether the left visual cortex GMV of the RAD group was associated with the WISC factor index scores indicating children\'s cognitive abilities, such as verbal comprehension, perceptual reasoning, working memory, and processing speed. There was no significant association of the GMV estimates with each WISC factor index score (all *ps* \> .46). Alterations in the visual cortex GMV of the RAD group were not associated with cognitive ability measures.

4. Discussion {#sec4}
=============

The present study provides the first evidence demonstrating that children and adolescents with RAD exhibit structural abnormalities in the left primary visual cortex (BA17). A smaller visual cortex GMV was observed in the RAD group compared to the TD group. Further analysis exhibited a negative correlation of the visual cortex GMV of the RAD group with SDQ internalising problems, but not with other psychiatric symptom measures (e.g. SDQ externalising problems) or cognitive ability measures (WISC factor index scores).

Our results are consistent with previous findings reported in adults with histories of childhood maltreatment [@ref21; @ref22; @ref55]. Although many studies into the effects of early adversity adopted a constrained ROI approach and did not report results for the visual cortex, some studies using an unbiased whole-brain approach have found a smaller visual cortex GMV in young adults with episodes of childhood sexual abuse [@ref21] or witnessing domestic violence [@ref22]. In an earlier study [@ref55], reduced occipital GMV was also associated with a priori history of child abuse but not with victims of intimate partner violence. Reportedly, the visual cortices that process and convey the adverse sensory input of childhood maltreatment, such as sexual abuse and witnessing domestic violence, appear to be specifically modified by this experience [@ref21; @ref22]. These findings fit with preclinical studies showing that the visual cortex is a highly plastic structure [@ref56]. Hence, early adverse experiences (e.g. sensory deprivation) may affect the development of the primary visual system, reflecting in the size of the visual cortex in children and adolescents with RAD. These structural abnormalities may also be associated with the behavioural problems of RAD.

The visual cortex has been viewed as part of a neurocircuit that regulates the stress response to emotional visual images [@ref19]. Through the inferior longitudinal fasciculus (ILF), the primary visual cortex and limbic system (e.g. amygdala, hippocampus) are anatomically connected [@ref57; @ref58]. The ILF, (i.e. visual-limbic pathway) subserves emotional functions specific to the visual modality. Based on this anatomical connection (i.e. the ILF), the primary visual cortex conveys emotional signals (e.g. fearful sights) to the amygdala and receives feedback signals from the amygdala [@ref59; @ref60]. In functional MRI studies, a connectivity analysis has revealed that the effect of the amygdala on behaviour to emotional visual stimuli was mediated through backward projections from the amygdala to the visual cortex [@ref61; @ref62]. Furthermore, this visual-limbic pathway seems to be negatively affected by exposure to early life stress. In a recent sMRI study using a diffusion tensor imaging (DTI) technique, a reduction in the WM tract integrity of the left ILF interconnecting the visual cortex to the limbic system was reported in a sample of young adults who witnessed interparental violence during childhood [@ref63] and of children with exposure to maltreatment [@ref64]. Alterations in the development of the left visual cortex connected via the ILF may play a critical role in the occurrence of RAD where the child displays emotionally withdrawn behaviours.

That the GMV abnormalities may play a critical role in RAD symptoms is also supported by the present results of the multiple regression analysis that showed an association between the visual cortex GMV of the RAD subjects and their internalising problems (SDQ internalising) when incorporating other relevant factors (e.g. SDQ externalising) into the multiple regression model. As addressed in the [Introduction](#sec1){ref-type="sec"} section, RAD is considered in the DSM-5 to resemble internalising disorders with depressive and anxiety symptoms. Because of emotional dampening in RAD, it is also reasonable to consider a potential convergence between RAD symptoms and internalising problems [@ref8]. While the SDQ internalising problems are likely to reflect inhibited RAD symptoms, they seem to be associated with other questionnaire scores for RAD symptoms. Subscales of the SDQ internalising measure (emotional and peer problems) have been associated with the inhibited behaviour subscale of the RPQ as a useful but limited instrument for screening inhibited and disinhibited RAD symptoms [@ref12].

Why the left-sided hemisphere of the visual cortex was affected is an interesting question. Given that RAD patients show reduced or absent expression of positive emotions during routine interactions with caregivers [@ref3; @ref8], we propose that the reduction of GMV in the left visual cortex identified here may be associated with a malfunction in the neurocircuit regulating positive emotional visual images (e.g. a smiling face). In line with our proposal, it has been reported that children exposed to child adversity have difficulty recognising positive emotional expressions [@ref65]. Indeed, the processing of positive emotion has been proposed to be associated with the left hemisphere, although hemispheric lateralisation in emotion processing remains controversial between the valence hypothesis and the right hemisphere hypothesis (e.g. [@ref66]). According to the valence hypothesis, which is the currently leading hypothesis in emotion processing [@ref67; @ref68; @ref69], the left hemisphere is specialised for positive emotions and the right is dominant for negative emotions. More recently, behavioural studies using a divided visual field paradigm have found support for this hypothesis, showing that positive emotions were better recognised when presented in the right visual field and negative emotions were better identified when presented in the left visual field (e.g. [@ref70]). A neurophysiological study using event-related potentials has also found that processing of the mouths of happy faces (i.e. analytical or part-based processing of positive emotional expressions) enhanced left-sided occipito-temporal activity during the early visual processing phase [@ref71]. Combined with a previous DTI study showing that the left-sided ILF WM abnormalities were associated with early adversity [@ref63], we suggest that the left-sided visual cortex GM abnormalities may lead to a difficulty with regulating positive emotions in RAD.

Only one brain region, the left occipital visual cortex, was affected by the symptoms of RAD in the present sMRI study. However, this does not mean that other regions of the neurocircuit that regulates emotion were not associated with child maltreatment and other psychiatric disorders. The related prefrontal and temporal cortices seem to be associated more with PTSD than RAD, which are both incorporated into the same category of trauma- and stressor-related disorders in the DSM-5. As suggested by a quantitative meta-analysis of GMV changes in PTSD [@ref72], the prefrontal and temporal cortices were likely to be 'disease-related' and disconnected from 'stress-related' regions including the occipital cortex. Moreover, in child sMRI studies using unbiased whole-brain morphometric comparisons, alterations in the left thalamus have been involved in the association between child maltreatment and the occurrence of generalized anxiety disorder [@ref20]. Although generalized anxiety disorder resembles RAD due to emotional regulation impairments [@ref3], the neural vulnerability markers of these psychiatric disorders may differ regardless of the histories of child maltreatment. For the limbic system (hippocampus and amygdala), there appears to be differences in maltreatment effects on brain structure between studies of children and adults, with GMV alterations being previously observed in adults but not in children [@ref19; @ref25]. These findings suggest that maltreatment has differentiated effects on brain structure across the development and reorganisation processes. Another possibility may be tied to an association between specific maltreatment type and abnormalities in the limbic system. In a recent sMRI study, the GMV reduction in the limbic system was associated with children exposed to only a single type of maltreatment (physical abuse, neglect) but not to multiple complex types of maltreatment [@ref29]. Furthermore, it should be noted that ADHD has been associated with altered occipital GMV [@ref73]. As ADHD symptoms have not been associated with RAD, but have been with DSED [@ref8; @ref48], there seems to be partially overlapping structural abnormalities in these psychiatric disorders. In this study, however, no subject had a history of ADHD. Thus, the reduced occipital GMV of the RAD group identified here cannot be explained by specific cognitive dysfunctions based on ADHD, such as visual attentional dysfunction in ADHD related to the occipital visual cortex [@ref74]. Although we have discussed this finding in terms of a potential cause and effect mechanism, it must be emphasised that our evidence only supports an association between emotional dysfunction and current symptoms of RAD.

Some limitations of the present study should be noted. First, the main limitation is the relatively small patient group. Although a sample size of at least twenty in each group is desirable for reliability in between-group comparisons [@ref16], studies involving a larger number of subjects are essential to generalise our results. Second, whole-brain analysis approaches are limited by the need to adjust for multiple comparisons to minimise the risk of detecting chance-related differences. Consequently, only the most robust differences in brain structure tend to emerge. Third, the present study used a cross-sectional design that precludes the identification of causal links between RAD and the GMV differences. Longitudinal studies are needed to investigate how the structural differences associated with RAD change with intervention programs aimed at diminishing the signs of RAD. Other cross-sectional designs adopting different comparison groups of maltreated children without RAD would also be helpful to better understand the neurobiological consequences of RAD. Fourth, as seen in [Table 1](#t0005){ref-type="table"}, there were substantial IQ differences in our study, with the RAD group showing a lower FSIQ compared to the TD group as previously reported in child maltreatment studies [@ref75; @ref76]. However, we used statistical methods to control for these confounds and adjusted for the FSIQ in the VBM analysis. Fifth, the subjects\' pubertal stages were not assessed in this study. While chronological age has been associated with pubertal stage, recent evidence from studies of the developing brain has suggested that pubertal stage might play a more important role in adolescent brain development than chronological age (e.g. [@ref77]). Future studies are needed to elucidate whether pubertal stage has a differentiated effect on brain development across the samples. Finally, there is a potential limitation in the diagnosis of RAD. As previously suggested [@ref6; @ref8; @ref78], a child may be given only a 'suspected' diagnosis of RAD because the diagnosis is not absolutely clear. A more robust diagnosis needs to be based on ecological observation of the child\'s interaction activity in a local school or community, as well as on clinical interview and questionnaire data [@ref6]. It is also suggested that the phenotype of RAD in the DSM-5 may be further encompassed within a broader phenotype [@ref78]. Nevertheless, this study sheds light on the neural underpinning of emotional dysregulation as a core symptom of RAD.

5. Conclusions {#sec5}
==============

We provide novel evidence that structural abnormalities in the left occipital visual cortex were associated with children and adolescents with RAD. Furthermore, the internalising problems of RAD correlated with the identified visual cortex GMV. Combined with previous studies of adults with childhood maltreatment, early adverse experience (e.g. sensory deprivation) may affect the development of the primary visual system, reflecting in the size of the visual cortex in children and adolescents with RAD. These visual cortex GMV abnormalities may also be associated with the visual emotion regulation impairments of RAD, leading to an increased risk for later psychopathology.
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![Structural differences in regional GMV between the TD and RAD groups. The RAD group showed significantly reduced GMV in the left primary visual cortex (BA 17) compared to the TD group (*p* = .038, FWE-corrected cluster level). Colour scales represent *t*-values.](gr1){#f0005}

###### 

Demographic and clinical characteristics of TD and RAD groups.

  ----------------------------------------------------------------------------------------------------------
  Measures\                                      Group    Statistics                                
  ---------------------------------------------- -------- ------------ ------- --------- ---------- --------
  Subjects (*n*)                                 22                    21                           

  Age (years)                                    12.95    (2.15)       12.76   (1.89)    0.10       .76

  Gender (%, female/male)                        55/45                 62/38             (Fisher)   .76

  Handedness (%, left/right)                     0/100                 0/100             (Fisher)   −

  Wechsler Intelligence Scale for Children                                                          

   Full scale IQ^a^                              101.14   (8.39)       92.14   (10.92)   8.78       \<.01

  Depression self-rating scale for children^b^   8.00     (4.45)       14.71   (8.44)    9.86       \<.01

  Trauma symptom checklist for children                                                             

   Anxiety                                       39.27    (4.82)       46.95   (14.21)   6.14       \<.05

   Depression                                    37.77    (3.02)       45.00   (11.72)   8.80       \<.01

   Anger                                         36.95    (2.42)       43.10   (8.95)    8.93       \<.01

   Post-trauma stress                            37.50    (3.33)       45.76   (11.60)   10.53      \<.01

   Dissociation                                  37.68    (2.75)       46.29   (11.94)   11.34      \<.01

   Sexual concerns                               38.91    (2.47)       40.71   (7.97)    1.32       .26

  Strengths and difficulties questionnaire                                                          

   Internalising problems                        2.00     (1.72)       5.24    (3.33)    15.72      \<.001

   Externalising problems                        4.05     (2.06)       7.00    (3.67)    12.13      \<.01

   Prosocial                                     6.05     (2.52)       5.38    (2.33)    1.08       .30

  ADHD rating scale^c^                                                                              

   Total                                         2.23     (2.29)       9.45    (9.66)    10.86      \<.01

   Inattentive                                   1.77     (1.72)       6.95    (6.42)    12.64      \<.01

   Hyperactive/impulsive                         0.45     (0.96)       2.50    (4.02)    4.83       \<.05

  Autism spectrum quotient^d^                                                                       

   Total                                         12.32    (4.77)       16.95   (7.05)    7.28       \<.05

   Social skills                                 3.50     (2.48)       3.47    (2.63)    \<.01      .97

   Attention switching                           2.05     (1.05)       3.89    (1.79)    15.61      \<.001

   Attention to detail                           3.41     (1.92)       3.37    (2.17)    \<.01      .99

   Communication                                 1.23     (1.45)       3.00    (2.62)    9.98       \<.01

   Imagination                                   2.14     (1.46)       3.21    (1.91)    3.84       .06

  Maltreatment type (*n*)                                                                           

   Emotional abuse                               −                     11                           

   Neglect                                       −                     15                           

   Physical abuse                                −                     7                            

   Sexual abuse                                  −                     2                            
  ----------------------------------------------------------------------------------------------------------

Numbers in parentheses represent standard deviations. Group differences were tested using ANCOVA with age and gender as covariates. ^a^Full scale IQ data were based on WISC (*n* = 42) and WAIS (*n* = 1). Some subjects\' data were not available due to missing values in specific questionnaires: ^b^Depression self-rating scale (TD, 1 subject), ^c^ADHD rating scale (RAD, 1 subject), and ^d^autism spectrum quotient (RAD, 2 subjects).

###### 

Multiple regression analysis of the left visual cortex GMV predictors of psychiatric symptom measures.

  ---------------------------------------------------------------------------------------------------------
  Predictors\                                 All subjects   TD         RAD                       
  ------------------------------------------- -------------- ---------- ------- ------- --------- ---------
  Depression self-rating scale for children   −0.23          −1.51      0.12    0.41    −0.32     −1.73

  Trauma symptom checklist for children                                                           

   Anxiety                                    −0.14          −0.49      −0.81   −1.02   −0.91     −2.55

   Depression                                 0.29           0.91       1.36    2.00    −0.10     −0.25

   Anger                                      −0.33          −1.10      0.26    0.79    −0.40     −1.04

   Post-trauma stress                         0.03           0.07       0.39    1.05    1.32      2.05

   Dissociation                               −0.07          −0.22      −0.73   −1.31   −0.17     −0.50

  Strengths and difficulties questionnaire                                                        

   Internalising problems                     −0.57          −2.85^†^   0.84    1.74    −0.96     −3.86\*

   Externalising problems                     0.10           0.51       −0.68   −1.38   0.41      1.87

  ADHD rating scale                                                                               

   Total                                      −0.15          −0.93      −0.58   −2.29   0.07      0.36

  Autism spectrum quotient                                                                        

   Total                                      0.15           0.89       −0.02   −0.10   0.40      1.79

  Adjusted *R*^2^                             0.32\*                    0.15            0.55^†^   
  ---------------------------------------------------------------------------------------------------------

The statistical threshold is set at corrected \**p* \< .05. ^†^*p* \< .10 with the Bonferroni adjustment for multiple regressions. For the analysis, three subjects\' data were not available due to missing values in specific questionnaires (TD, 1 subject; RAD, 2 subjects).
